Ascorbic acid is frequently administered intravenously by alternative health practitioners and, occasionally, by mainstream physicians. Intravenous administration can greatly increase the amount of ascorbic acid that reaches the circulation, potentially increasing the risk of oxalate crystallization in the urinary space. To investigate this possibility, we developed gas chromatography mass spectrometry methodology and sampling and storage procedures for oxalic acid analysis without interference from ascorbic acid and measured urinary oxalic acid excretion in people administered intravenous ascorbic acid in doses ranging from 0.2 to 1.5 g/kg body weight. In vitro oxidation of ascorbic acid to oxalic acid did not occur when urine samples were brought immediately to pH less than 2 and stored at −30°C within 6 hours. Even very high ascorbic acid concentrations did not interfere with the analysis when oxalic acid extraction was carried out at pH 1. As measured during and over the 6 hours after ascorbic acid infusions, urinary oxalic acid excretion increased with increasing doses, reaching approximately 80 mg at a dose of approximately 100 g. We conclude that, when studied using correct procedures for sample handling, storage, and analysis, less than 0.5% of a very large intravenous dose of ascorbic acid is recovered as urinary oxalic acid in people with normal renal function.
Introduction
Oxalic acid is a major end product of ascorbic acid oxidation, and it has the potential to crystallize as calcium oxalate in the urinary space. An oral dose of 500 mg ascorbic acid modestly increases urinary oxalic acid excretion and could theoretically increase the risk of stone formation in susceptible people [1] [2] [3] [4] . The rate limitation of intestinal ascorbic acid transport makes it unlikely that oral doses greater than 500 mg/d will increase oxalic acid excretion and stone risk proportionately [5, 6] , but intravenous administration bypasses this barrier. In an early study, 44% of the radioactivity in an intravenous dose of 14 C-ascorbic acid was recovered in the urine as oxalic acid [7] . In the setting of renal dysfunction, acute oxalate nephropathy has been reported after intravenous ascorbic acid administration [8] [9] [10] . Increased urinary oxalic acid excretion has also been reported in connection with parenteral nutrition solutions that included 200 to 500 mg/d of ascorbic acid [11, 12] . Much larger doses than this have been administered therapeutically in recent years [13] [14] [15] [16] , but without any information about the associated rate of oxalic acid excretion.
Barriers to the study of oxalic acid formation during ascorbic acid treatment are interference with the analysis by high ascorbic acid concentrations and in vitro conversion of excreted ascorbic acid to oxalic acid in the collection vessel or during storage or analysis [2, [17] [18] [19] [20] . In this study, we overcame these barriers by immediately acidifying urine specimens and promptly storing them at very low temperature and by developing a gas chromatography mass spectrometry (GC-MS) technique that avoids alkaline extraction [21] , which oxidizes ascorbic acid to oxalic acid [2] . This method was then used to analyze the pattern of urinary oxalic acid excretion in patients participating in a clinical trial of highdose intravenous ascorbic acid as cancer therapy.
Methods

Study participants and clinical trial design
Urinary oxalic acid excretion was measured in 11 men and 5 women (age, 58 ± 17 years; weight, 69 ± 18 kg; mean ± SD) participating in a phase I clinical trial of intravenous ascorbic acid in advanced cancer [22] . All participants in the trial had good functional status, were biochemically screened for glucose-6-phosphate dehydrogenase deficiency-which is associated with hemolytic episodes after high-dose ascorbic acid infusions [17] -had undergone an abdominal x-ray examination to screen for radio-opacities suggestive of silent oxalate urolithiasis, and had a serum creatinine concentration not exceeding 175 μmol/L. Complete details about the patients, their clinical responses, and their plasma ascorbic acid kinetics are described elsewhere [22] .
Ascorbic acid administration and urine collection
Ascorbic acid 500 mg/mL for injection was manufactured and provided as a gift by Bioniche Pharma (Belleville, Ontario), with the assistance of Alveda Pharma (Pointe-Claire, Quebec), in glass vials in 0.025% disodium EDTA with the pH adjusted to neutral with sodium bicarbonate. The vitamin was appropriately diluted to adjust the osmolarity and was administered 3 times per week in doses ranging from 0.1 to 1.5 g/kg. For doses greater than 15 g, the diluent was sterile water to achieve a theoretical osmolarity between 500 and 900 mOsm/L. The infusate was brought immediately to the bedside covered by an opaque bag and was administered by calibrated infusion pump. Doses up to 90 g were infused at a constant rate over 90 minutes; doses greater than 90 g were infused over 120 minutes. The ascorbic acid concentration in the residual infusate solution was routinely measured after every infusion.
Oxalic acid excretion was measured on either 1 or 2 occasions in 16 patients: there were 5 excretion profiles at 0.2 g/kg ascorbic acid and 6 profiles at 0.6, 0.9, and 1.5 g/kg ascorbic acid, for a total of 23 profiles. Patients emptied their bladders to provide a urine sample just before the start of the infusion, then voided again and began a fresh collection when the infusion finished. They then provided urine samples at least every 2 hours for the next 6 hours. After the sample volume was recorded, one 0.2-mL aliquot was prepared for ascorbic acid analysis by mixing it with 0.8 mL of ice-cold 90% methanol-10% 1 mmol/L EDTA and frozen at −80°C; a second aliquot was prepared for oxalic acid analysis by adding 0.5 mL of 6 mol/L hydrochloric acid for every 4.5 mL of urine. These samples were kept on ice for no more than 2 hours before being frozen at −30°C.
General laboratory procedures
All water was type I or ultrapure water (resistivity, 18.2 MΩ/ cm). L-Ascorbic acid for laboratory use was from Sigma Chemical (St Louis, MO), oxalic acid was from BDH (Toronto, Ontario, Canada), and 13 C 2 -oxalate was from CDN Isotopes (Pointe-Claire, Quebec, Canada). Hydrochloric acid, sodium chloride, diethyl ether, and sodium sulfate were from Fisher Scientific (Montreal, Quebec, Canada). Acetonitrile was from Pierce Chemical (Rockford, IL), whereas N-methyl-N-(tertbutyldimethylsilyl)-trifluoroacetamide was from Regis Technologies (Morton Grove, IL).
Ascorbic acid
Plasma and urinary ascorbic acid concentrations were measured on-site by high-performance liquid chromatography separation with electrochemical detection, using an ESA (Chelmsford, IL) Coulochem III detector equipped with a 5011A analytical cell [23] . Urinary ascorbic acid was measured as the sum of ascorbic acid and dehydroascorbic acid after reducing any dehydroascorbic acid present in the sample to ascorbic acid with dimercaprol, as previously described [23] . Plasma samples were treated the same way as urine samples, except that the reduction step was omitted because dehydroascorbic acid was undetectable (b5% of total ascorbic acid) in plasma samples. Using this analytical methodology, the chromatographic response was highly linear up to a concentration of 10 mmol/L. For concentrations in this range and higher, the sample was diluted 10-fold in EDTA/ methanol before injection on the column.
Oxalic acid
Oxalic acid was measured as previously described [21] , with the following differences: analyte extraction was only into acid, omitting a previous initial alkaline extraction; tertbutyldimethylsilyl (TBDMS) rather than trimethylsilyl derivatives were made; the GC column and separation conditions were different; and electron impact ionization rather than chemical ionization was used. To each 200 μL acidified urine sample was added 120 nmol of the internal standard described below. After the pH was reduced to approximately 1 with 3 drops of 3 mol/L hydrochloric acid, the samples were diluted by adding 200 μL water and saturated with 0.5 to 1.0 g solid sodium chloride. Oxalic acid was extracted by 2-fold addition of 2 mL diethyl ether followed by vigorous shaking. The 2 ether extracts were combined and dried over anhydrous sodium sulfate, and brought to complete dryness in sample vials under a flow of nitrogen gas at 35°C. The oxalic acid in dried residues was converted to TBDMS derivatives by adding 50 μL acetonitrile and 50 μL N-methyl-N-(tertbutyldimethylsilyl)-trifluoroacetamide followed by incubation for 30 minutes at 60°C. The derivatized samples were stable at −30°C for several days.
Calibration standards were prepared in water by combining 120 nmol of the 13 C 2 -oxalate internal standard with 0, 15.9, 31.7, 63.4, and 127 nmol unlabeled oxalic acid. The analysis was carried out on a Hewlett-Packard 5988A GC quadrupole MS. Samples of 1 μL were introduced by splitless injection using an HP 7673 autoinjector onto a fused silica HP-5 (Agilent Technologies, Mississauga, Ontario, Canada) capillary column (15 m × 0.32 mm, 0.25-μm film thickness). The oven temperature was programmed at 10°C/min after a 2-minute hold at 80°C to 300°C. Helium carrier gas was used at a column head pressure of 70 kPa. The injector port and transfer line temperatures were 250°C and 270°C, respectively. Electron ionization energy was 70 eV at an emission current of 300 μA with a source temperature of 200°C. Quantitation was performed by selected ion monitoring (SIM) of m/z 261.1 and 263.1 of the [M-C 4 H 9 ] positive fragment ions of the bis-TBDMS derivatives of unlabeled oxalate and [ 13 C 2 ]-oxalate, respectively. The retention time was 6.5 to 6.8 minutes. Analyses of the calibration samples yielded intensity ratios that were used to construct a standard curve.
Ascorbate was also observed as the tris-TBDMS derivative, eluting at 16.7 minutes with a major M-57 fragment at m/z 461, and as the tetrakis-TBDMS derivative, eluting at 18.2 minutes with corresponding fragment at m/z 575. Data acquisition and processing were done on an HP-1000A computer using RTE-A primary system software (Mississauga, Ontario, Canada).
Aliquots of acidified urine were routinely centrifuged before analysis until it was discovered, in the patient cohort that received 1.5 g/kg ascorbic acid, that despite the addition of acid, the pH of some samples ranged between pH 2 and 4; this was most likely the result of the excretion of large amounts of neutral sodium ascorbate. Because oxalic acid can form a poorly soluble calcium salt at pH greater than 2.0 [24, 25] , these and several other samples were reanalyzed without centrifugation. In most of the samples with pH greater than 2.0, samples that were not centrifuged had higher oxalate concentrations than after centrifugation. Centrifugation had no effect in samples with pH not exceeding 2.0.
Results
Method validation
As shown in Fig. 1 , the SIM chromatograms for m/z 261 and 263 were well characterized, and a conventional calibration curve relating amounts of [ 12 C 2 ]-and [ 13 C 2 ]-oxalic acid to the measured intensity ratios of m/z 261 to m/z 263 was easily constructed. Recovery of physiologic amounts of oxalic acid added to 6 normal urine samples was 100% ± 6.9% (mean ± SD). Acid-only extraction, as used here, was compared with the conventional method involving base and acid extraction. Addition of ascorbic acid to normal urine samples in concentrations of 0.5 g/L (2.8 mmol/L) and 20 g/L (114 mmol/L) had no effect on the oxalic acid concentration when the new method was used, but increased it by 4-to 14-fold and 12-to 25-fold, respectively, when the method involving base extraction was used.
The effect of high ascorbic acid concentrations on urinary oxalic acid was then examined in a time course study in which ascorbic acid was added to freshly voided normal urine samples at concentrations of 5.7 and 455 mmol/L. Sample aliquots were immediately brought either to pH 1.7 with hydrochloric acid or pH 6.3 with sodium bicarbonate, then either analyzed immediately or left on a benchtop at room temperature for 2, 6, and 24 hours before analysis. Neither 5.7 nor 455 mmol/L ascorbic acid affected the measured oxalic acid concentration at zero time or after 6 hours at room temperature (Fig. 2) . After 24 hours at pH 6.3, the oxalic acid concentration increased by 50% (in 5.7 mmol/ L ascorbic acid) and by 216% (in 455 mmol/L ascorbic acid). Even at pH less than 2, the oxalic acid concentration had increased by 18% (in 5.7 mmol/L ascorbic acid) and by 26% (in 455 mmol/L ascorbic acid) after 24 hours at room temperature. However, when stored in acid at −30°C, oxalic acid concentrations were stable for at least 4 months.
Clinical findings
The concentration of ascorbic acid in the infusate remaining at the end of each infusion agreed closely with the calculated dose, thus indicating no detectable ascorbic acid breakdown. Using the methodology developed for this study, we also measured oxalic acid, both in the 500-mg/mL ascorbic acid stock solution provided by the manufacturer and in some of the infusates. The concentration of oxalic acid in ascorbic acid infusates was 26 mg/100 g and remained constant throughout the infusion period. Of interest, the concentration of oxalic acid in a sample of pure dry crystalline United States Pharmacopeia ascorbic acid was 8 mg/100 g.
Data related to the study participants and their plasma and urinary ascorbic and oxalic acid excretion are shown in Table 1 . As described in detail elsewhere [22] , the ascorbic acid infusions were well tolerated despite polyuria and moderate thirst, the anticipated effects of a large intravenous osmotic load. As the infused ascorbic acid was pH neutral, no acid load was delivered. Cumulative urinary oxalic acid excretion increased in a dose-dependent fashion. It was not feasible for patients to return 24-hour urine collections the day after an ascorbic acid infusion, so data were available only up to the time point 6 hours after the end of the infusion. By that time, plasma ascorbic acid concentrations Values are expressed as the mean ± SD. AA indicates ascorbic acid. a n = 5 for oxalic acid measurements. b n = 5 for AA measurements. c Total moles of oxalic acid excreted per 100 mol of ascorbic acid administered.
had decreased considerably; and approximately 80% of the administered dose had been excreted in the urine (Table 1) . To extrapolate subsequent oxalic acid excretion, we calculated the instantaneous oxalic acid excretion rate associated with each urine specimen as the amount of oxalic acid excreted over the time interval of the collection. As shown in Fig. 3 , the instantaneous rate of oxalic acid excretion was relatively constant over the entire observation period for ascorbic acid doses not exceeding 0.9 g/kg, whereas for the 1.5-g/kg dose, a spike in excretion occurred during the infusion, followed by a drop to a lower rate after it. As shown in Table 1 , instantaneous oxalic acid excretion rates at the time the infusion ended were related to the ascorbic acid dose administered.
Discussion
This article describes a novel method to analyze oxalic acid accurately in the presence of very high concentrations of ascorbic acid and its use to determine the urinary oxalic acid excretion profiles of patients administered very large intravenous doses of ascorbic acid.
Accurate oxalic acid analysis in the presence of ascorbic acid requires a strongly acid environment and sample storage at low temperature to prevent in vitro oxidation of ascorbic acid to oxalic acid. Acid conditions are also necessary during sample preparation for GC-MS analysis. In particular, alkaline extraction oxidizes large amounts of ascorbic acid to oxalic acid. When appropriate precautions are taken, and unlike other methods, GC-MS/SIM permits sensitive and accurate oxalic acid analysis even in the presence of massive amounts of ascorbic acid. Thus, in this study, oxalic acid in amounts of 27 to 81 mg was accurately detected in the presence of 11 to 79 g ascorbic acid.
It appears from this study that intravenous ascorbic acid increases urinary oxalic acid excretion in a dose-dependent fashion. For doses of 0.2 and 0.6 g/kg, less than 40 mg oxalic acid was excreted during and over the 6 hours after the ascorbic acid infusion, at which time oxalic acid excretion was continuing at the rate of 4 to 5 mg/h. At the 1.5-g/kg dose, approximately 80 mg of oxalic acid was excreted 6 hours after the infusion ended (approximately 20 mg of which was already present in the pharmaceutical product before the infusion began); and excretion was continuing at approximately 10 mg/h. By that time, the plasma ascorbic acid concentration had fallen from a peak value of 26.2 to 5.3 mmol/L, and approximately 80% of the ascorbic acid dose had been excreted. Because the circulatory half-life of oxalic acid is approximately 3.6 hours [26] , it may be predicted that the oxalic acid excretion rate would fall to normal after a further 4 half-lives or approximately 14 hours. Oxalic acid is absorbed from the diet and synthesized from endogenous sources other than ascorbic acid, but samples were unavailable to measure endogenous oxalic acid excretion rates in the participants in this study. The oxalic acid excretions reported here therefore overestimate the extent to which the infused ascorbic acid was oxidized to oxalic acid. In the absence of ascorbic acid administration, urinary oxalic acid excretion normally ranges from 10 to 60 mg/24 h [2, 27] , with higher rates occurring during the day [24] .
Contrary to the findings in an early human study in which 44% of the radioactivity in an intravenous dose of 14 Cascorbic acid was recovered in the urine as oxalic acid [7] , we found that only approximately 0.2% (mol/mol) of large doses of ascorbic acid appeared in the urine as oxalic acid 6 hours postinfusion, and as explained above, this is an overestimation. The situation would be different for people with a reduced glomerular filtration rate, which would increase the circulatory dwell time of ascorbic acid and any oxalic acid resulting from its oxidation. People with endstate renal disease have hyperoxalemia that increases after the administration of even conventional amounts of ascorbic acid [28, 29] ; the appropriate dose and route of ascorbic acid administration for people with end-stage renal disease are controversial [29] [30] [31] . It is important, therefore, to reiterate that only patients whose serum creatinine did not exceed 175 μmol/L participated in this study.
Much smaller doses of ascorbic acid than administered in this study have been reported to increase urinary oxalic acid far more than observed here. Several factors could explain this apparent anomaly. First, despite ample documentation that ascorbic acid in urine samples will lead to an overestimation of oxalic acid when the sample is not appropriately handled, stored, and analyzed [2, [17] [18] [19] [20] , sufficient attention is not always paid to this issue. Thus, in 2 articles that report a considerable percentage increase in oxalic acid excretion when the amount of ascorbic acid included in home parenteral nutrition solutions was increased [11, 12] , urine samples were acidified only after their delivery to the analytical laboratory, by which time considerable artifactual oxalic acid formation can be assumed to have taken place. It should also be noted that ascorbic acid solutions for clinical infusion may be unstable over time [32] [33] [34] . In our study, ascorbic acid was rapidly administered shortly after the infusate was prepared, whereas parenteral nutrition solutions are commonly infused over 12 to 24 hours, during which time considerable ascorbic acid degradation is known to occur [32] [33] [34] . It is unclear how much ascorbic acid is converted to oxalic acid in parenteral nutrition mixtures [35, 36] .
Finally, it is conceivable that intravenous ascorbic acid is less prone to oxidation to oxalic acid than high-dose oral ascorbic acid. Because its intestinal absorption is limited, much of a large oral dose of ascorbic acid could remain for a long time in the alkaline medium of the small and large intestines, favoring its oxidation to oxalic acid with absorption of the resulting sodium oxalate into the bloodstream [20] .
The findings in this study should be considered in light of case reports describing renal abnormalities or acute renal failure in patients who ingested or received large doses of ascorbic acid orally or intravenously [8] [9] [10] 37, 38] . Careful study of those cases suggests that, in some cases, they occurred in people with preexisting advanced renal failure and, in others, they occurred in people who were consuming or being administered high-dose ascorbic acid when acute renal failure developed for other reasons and precipitated oxalate nephropathy.
Does the excretion of 80 mg of oxalic acid over the 6 hours after a 100-g intravenous dose of ascorbic acid substantially increase the risk of calcium oxalate stone formation? Oxalate nephrocalcinosis and calcium oxalate stones develop over months to years in primary hyperoxaluria, a disease in which oxalic acid excretion exceeds 100 mg/d and can reach 400 mg/d [20] . The relatively slow natural history of primary hyperoxaluria suggests that a timelimited course of ascorbic acid infusions 3 times per week would not create a severe or immediate risk of oxalate stone accumulation. Nevertheless, oxalate stones occur commonly in the general population; for people already at high risk of oxalate stone, one may assume that even intermittent highdose ascorbic acid infusions could further increase this risk. The present data are important because they indicate a remarkable lack of severe hyperoxaluria after massive intravenous doses of ascorbic acid in people with normal renal function.
